Context. Stellar radial velocities play a fundamental role in the discovery of extrasolar planets and the measurement of their physical parameters as well as in the study of stellar physical properties. Aims. We investigate the impact of the solar activity on the radial velocity of the Sun using the HARPS spectrograph to obtain measurements that can be directly compared with those acquired in the extrasolar planet search programs. Methods. We use the Moon, the Galilean satellites, and several asteroids as reflectors to measure the radial velocity of the Sun as a star and correlate it with disc-integrated chromospheric and magnetic indexes of solar activity that are similar to stellar activity indexes. We discuss in detail the systematic effects that affect our measurements and the methods to account for them. Results. We find that the radial velocity of the Sun as a star is positively correlated with the level of its chromospheric activity at ∼ 95 percent significance level. The amplitude of the long-term variation measured in the 2006-2014 period is 4.98 ± 1.44 m/s, in good agreement with model predictions. The standard deviation of the residuals obtained by subtracting a linear best fit is 2.82 m/s and is due to the rotation of the reflecting bodies and the intrinsic variability of the Sun on timescales shorter than the activity cycle. A correlation with a lower significance is detected between the radial velocity and the mean absolute value of the line-of-sight photospheric magnetic field flux density. Conclusions. Our results confirm similar correlations found in other late-type main-sequence stars and provide support to the predictions of radial velocity variations induced by stellar activity based on current models.
Introduction
Extrasolar planets were first detected by measuring the radial velocity (hereafter RV) oscillations of the host stars induced by their orbital motion (cf. Mayor & Queloz 1995) . This method allows to measure the orbit eccentricity and the true mass of a planet when it transits across the disc of the host star thus allowing us to measure the inclination of its orbital plane. The new frontier is the detection of Earth-mass planets and the measurement of their mass (cf. Dumusque et al. 2014; Haywood et al. 2014 ) which is made difficult by the apparent RV variations of the host star produced by its p-mode oscillations, surface convection, and magnetic activity. While the first two effects can be mitigated by averaging several observations on the same night or on consecutive nights , magnetic activity is much more complex to take into account and can mimic a planetary signal on a variety of timescales (e.g., Santos et al. 2014) . In particular, the detection of planets with orbital periods of several years or decades can be hampered by the RV modulations associated with stellar activity cycles (e.g., Santos et al. 2010; Lovis et al. 2011; Gomes da Silva et al. 2012; Carolo et al. 2014; Moutou et al. 2015) .
A detailed understanding of this phenomenon and of the correlations between the RV and the magnetic activity indexes can be achieved by observations of the Sun as a star because we have simultaneous information on the disc position and parameters of the individual active regions. This allows us to test models that predict activity-induced RV perturbations from resolved images of the disc of the Sun such as those introduced by Lagrange et al. (2010) or Meunier et al. (2010a) . They consider the effect of surface brightness inhomogeneities, either sunspots or faculae, that produce a distortion of the spectral line profiles that depend on their contrast, filling factor, position, and the rotation velocity of the Sun. In addition to this effect, there is a quenching of convective motions by the magnetic fields that affects the line convective blueshifts. Which effect is prevailing depends on several factors, notably the filling factor of the active regions and the projected rotational velocity of the star. Moreover, while the effect of the brightness inhomogeneities can be either positive or negative depending on the sign of their contrast and the location on the receding or the approaching half of the solar disc, the Article number, page 1 of 11 arXiv:1601.05646v2 [astro-ph.EP] 22 Jan 2016 A&A proofs: manuscript no. ms27379 magnetic quenching of convection always produces an apparent redshift (e.g., Lanza et al. 2010 Lanza et al. , 2011 . Meunier et al. (2010a) found that the main effect on the Sun-as-a-star RV measurements is produced by the quenching of the local convective flows in active regions. This leads to an apparent redshift in the synthetic RVs that appears to be positively correlated with activity indexes, such as the chromospheric Ca II H&K line core emission (Meunier & Lagrange 2013) .
To confirm these model predictions, we need RV measurements of the Sun as a star that extend over a significant part of a solar activity cycle in order to sample the variations at different activity levels. Long-term sequences spanning more than 35 years have been acquired to study the global oscillations of the Sun, but they are based on the measurement of the Doppler shift of a single or a few spectral lines. For example, Roca Cortés & Pallé (2014) found a clear anticorrelation between the RV variation as measured from the KI 769.9 nm line and the international sunspot number. These observations are not comparable to the stellar ones which are based on the simultaneous measurements of thousands of photospheric spectral lines to increase precision as, e.g., in the case of the HARPS spectrograph (Mayor et al. 2003) . Other investigations support this conclusion by confirming that the long-term RV variations of the Sun as a star depend on the specific spectral range considered (Jimenez et al. 1986; McMillan et al. 1993; Deming & Plymate 1994) . Meunier et al. (2010b) extrapolated the RV variations as measured by MDI/SoHO in the Ni line at 676.8 nm to obtain the solar disc-integrated RV variations along cycle 23. They confirmed the dominant role of the suppression of convective line-shifts in magnetized regions as predicted by Meunier et al. (2010a) .
Instruments to integrate light over the solar disc and feed high-resolution spectrographs for star-like RV measurements are under construction or just beginning their commissioning phase (Glenday et al. 2015, in prep.; Dumusque et al. 2015; Strassmeier et al. 2015) . Therefore, we adopt a different approach that exploits the optical solar spectrum as reflected by an asteroid, a Jupiter satellite, or a small area on the Moon (Zwitter et al. 2007; Molaro & Centurión 2011; Molaro & Monai 2012) . This avoids the effects of the differential extinction across the disc of the Sun in the Earth atmosphere that can reach up to tens of m/s when integrating the flux over the solar disc (cf. McMillan et al. 1993 ).
Observations
We searched the ESO HARPS archive looking for RV observations of asteroids, the Galilean satellites, or the Moon, and found a good deal of measurements acquired between 2006 and 2014 (cf. Table 1) 1 . The Vesta time series acquired between 29 September and 7 December 2011 gives information on the impact of solar activity on the intra-night or daily variability of the RV of the Sun as a star and is investigated elsewhere (Haywood et al. 2016 ). Here we use only a few measurements of that dataset to complement our series because we are interested in variations over a longer timescale.
Individual HARPS spectra cover the range 378-691 nm with a gap between 530 and 533 nm. The instrument has a fixed configuration with a spectral resolution of λ/∆λ ∼ 120000. The exposure time ranges from 30 to 3600 s according to the apparent magnitude of the target, thus giving a photon noise error from ∼ 0.2 to ∼ 1.0 m/s. HARPS is in vacuum and thermally isolated 1 https://www.eso.org/sci/facilities/lasilla/instruments/harps/tools/archive.html and it is equipped with an image scrambler which provides a uniform spectrograph-pupil illumination thus allowing very precise and stable RV measurements. The intra-night and long-term stability stays within 1.0 m/s for bright targets and it is checked by means of a reference Th-Ar lamp whose spectrum is occasionally sent on a second fiber for a simultaneous comparison with the target spectrum. The RV values are obtained through the HARPS Data Reduction System (DRS) by cross-correlating the source spectrum with a template obtained from the highresolution Fourier Trasform Spectrometer solar spectrum by Kurucz et al. (1984) . Its zero point is uncertain by ≈ 100 m/s that explains the offset of about 100 m/s that we have in our measurements (see also Molaro & Monai 2012 ). An accurate estimate is not possible because the Sun is always active, thus we decided to leave it in our sequence because it is a constant that does not affect in any way our investigation of the solar RV variations.
The RV value given by the DRS is successively corrected for the Doppler shifts introduced by the orbital motion of the reflector with respect to the Sun and to the Earth (cf. Zwitter et al. 2007) , calculated by means of the NASA JPL Horizon ephemerides 2 . The relativistic Doppler shift is not considered by Horizon, although light aberration is included, given its direct effect on the apparent position of the bodies (Giorgini, priv. comm.) . Therefore, we compute the relativistic Doppler shift as explained in Appendix A, where we provide details on the procedure applied to compute star-like RV for the Sun. Our RV time series is plotted in the top panel of Fig. 1 , where we plot also the timeseries of the activity indexes as defined in Sect. 2.2. The red colour marks measurements affected by the rotation or the non-uniform albedo of the reflecting body (see Sect. 4), while the measurement errors are derived in Sect. 4.2 in the case of the RV and in Sect. 2.3 for the activity indexes, respectively.
In Table 1 from left to right, we list the reflecting body, the epoch of each observation, its exposure time τ, the measured RV of the Sun referred to its barycentre (including the relativistic correction), the relativistic correction to the classic Doppler shift ∆V rel (cf. Appendix A), the time lag t − t accounting for the different directions along which the Sun is seen from the reflecting body and the Earth (cf. Sect. 2.3), the chromospheric Ca II K index, and the mean total magnetic field < |B| > as defined in Sect. 2.2. The epoch of each observation in Table 1 is not the beginning of the exposure, but it is the time weighted according to the received stellar flux along the exposure as measured by the HARPS exposure meter.
Most of the measurements obtained with the Moon are average values over sequences extended for several hours (e.g. Molaro et al. 2013 ). In Fig. 2 we show an example of such lunar sequences. It was obtained on 5 July 2012 and its individual RV measurements show a rather flat behavior with a mean of 98.3 m/s -consider the typical offset of about 100 m/s -and an rms of 0.83 m/s. The latter is mainly produced by the 5-min solar oscillations illustrating the sub m/s precision of HARPS observations. On 4 and 6 January 2014, Molaro et al. (2015) collected series of RV measurements by observing Ganymede and Europa, just before the beginning and after the end of the opposition surge effect that clearly affected the Europa data collected on 5 January. Therefore, we limit ourselves to only those parts of the dataset not affected by this effect. Ganymede data on 4 January 2014 were obtained by HARPS-N, the twin spectrograph mounted at Telescopio Nazionale Galileo in La Palma.
Regarding the asteroids, in most of the cases, the exposure times are of 600 s or longer, thus averaging out the 5-min p-mode oscillations that were clearly detected in the Moon sequences (cf. Fig. 2 and Fig. 4 in Molaro et al. 2013 ). The standard deviations of the RV measurements obtained in the course of the same night are within ∼ 1.6 − 1.8 m/s, except for those acquired with Vesta and Ceres that are affected by the rotation of the asteroids (see Sect. 2.1). This is similar to the level of variability found on similar timescales in Sun-like stars ).
Effects of the reflector rotation
The RV variation produced by the rotation of the Moon has been corrected using an adequate observing strategy. Specifically, most of the Moon spectra were acquired close to the centre of the Moon's disc, therefore, only the rotation velocity component in the direction of the Sun was relevant, while that in the direction of the Earth observer was negligible.
In the case of the asteroids or the Galilean satellites, we receive a disc-integrated spectrum that is affected by the rotation Table 1. of the body and the non-uniform illumination by the Sun. In the case of a body of spherical shape with a uniform albedo, the Doppler shift induced by its rotation averages to zero only if the inclinations of its rotation axis to the direction of the Sun and to the observer on the Earth are the same. If this is not the case, there is a net Doppler shift because the opposite contributions coming from the receding and the approaching parts of the illuminated disc do not balance exactly with each other, as shown by Lanza & Molaro (2015) . The amplitude of this effect can reach up to 2.6 m/s for Pallas whose spin axis is inclined by ∼ 16
• to the plane of the ecliptic, but it is smaller than 0.06 m/s for Ceres or Vesta having an inclination to the ecliptic greater than 60
• as well as for the Galileian satellites. In addition to the inclination of the spin axis to the plane of the ecliptic, the RV variation depends on the phase angle of the reflecting body and on the difference between its heliocentric ecliptic longitude and that of the Earth; therefore, it is modulated on timescales of weeks or months.
Another effect occurs when the surface of the reflecting body has a non-uniform albedo as indicated in the case of Ceres and Vesta by the rotational modulation of their optical flux and the resolved images of their surfaces. A dark spot of albedo produces a reduced continuum in the locally reflected spectrum of the Sun. The local spectra reflected by the different portions of the disc are Doppler shifted according to their projected rotational velocities and the lower continuum in the dark spot produces a bump in the spectral line profiles when we integrate the spectrum over the whole visible disc, akin to the case of a spotted star (cf. Fig. 1 in Vogt & Penrod 1983) . Assuming a continuum flux reduced by a factor f c < 1 with respect to that without the spot, the maximum RV perturbation is of the order of 2(1 − f c )V eq , where the factor 2 accounts for the worst case, i.e., when the rotational velocity components towards the Sun and the observer are equal to the equatorial rotation velocity of the asteroid V eq . It reaches up to V eq ∼ 90 m/s in the case of Vesta or Ceres (cf. Table 1 in Lanza & Molaro 2015) . Given that 0.90 < ∼ f c < ∼ 0.98, RV perturbations of several m/s are possible as a consequence of albedo inhomogeneities on those fast-rotating asteroids having periods of P rot = 5.342 and 9.075 hr, respectively.
A precise calculation of the effect is made difficult by our limited knowledge of the surface features of the different asteroids and by the variation of the angles between their spin axis and the directions to the Sun and the Earth along their orbit. Haywood et al. (2016) makes an empirical investigation in the case of Vesta and find that a RV rotational modulation with a semi-amplitude of ∼ 2.39 ± 0.55 m/s has been induced by this effect between 2011 September 11 and 2011 December 7 . In the case of the data points of Vesta in Table 1 , we find a maximum standard deviation of ∼ 3.38 m/s in the course of the same night, that is compatible with their results and the very rough estimate given above. The amplitude is larger by a factor of ≈ 2 in the case of Ceres (Molaro et al. 2016) , while a smaller amplitude by a factor of 3 − 10 is expected in the case of the other asteroids in our sample, owing to their smaller radii and longer rotation periods (cf. Lanza & Molaro 2015) . For the Galilean satellites, the effect can be larger than ∼ 1 m/s only for Io because it has the shortest rotation period.
Solar activity indexes
We use the normalized emission flux measured in a 0.1 nm bandpass centred in the core of the solar Ca II K line (central wavelength 393.3 nm) as a proxy for the solar chromospheric activity level (Keil & Worden 1984; Keil et al. 1998; Meunier & Lagrange 2013) 3 . The typical relative accuracy of this index is ∼ 0.6 percent. Furthermore, we consider the magnetic field averaged over the disc of the Sun as another proxy for its activity to allow a comparison with the results of Deming & Plymate (1994) who used the mean absolute magnetic field over the solar disc as measured from Kitt Peak magnetograms. That time series terminated on 21 Sept 2003 and was then continued to date by the SOLIS Vector Spectromagnetograph (hereafter SOLIS VSM).
The mean field values are determined from daily measurements of the line-of-sight magnetic field flux density observed with 1 arcsecond pixels and averaged over the full disc. The solar line-of-sight magnetic field is measured with full-disc Fe I 630.15 nm (Landé factor of the line g eff = 1.667) longitudinal photospheric magnetograms (Jones et al. 2002) 4 . The mean net magnetic flux is the sum of all the measurements divided by the number of pixels on the disc. The mean total magnetic flux is the average of the absolute value of the pixel measurements. Only pixels within 0.99 solar radii from disc centre and with absolute values greater than 0.2 G are included in the computation. The mean net magnetic flux during the time interval of our RV observations spanned between −0.89 and 1.0 G, while the range of the mean total flux was between 3.62 and 13.29 G. The mean standard deviations of the mean net and total fluxes are both of ∼ 0.017 G.
The variations of the chromospheric index and of the total magnetic flux vs. the time are plotted in Fig. 3 . We see that the variations of the indexes are rather complex with the activity level of the Sun showing two relative maxima during cycle 24. Therefore, we cannot separate levels of low and high activity by simply considering the phase of the cycle as in the case of a single, well-defined maximum.
Effect of the different lines of sight to the Sun
In general, the Sun is seen from different lines of sight from the Earth and the reflector, therefore we must account for the time 3 Data are available from: http://nsosp.nso.edu/cak_mon 4 Data are available from: http://solis.nso.edu/vsm/vsm_mnfield.html lag introduced by this effect when dealing with solar activity proxies. For an RV observation made at the time t, we compute the angle α between the directions to the reflector and to the Earth as seen from the centre of the Sun. Assuming that the Ca II K emission comes from the faculae on the Sun and that they are rotating on average with the angular velocity Ω AR corresponding to a latitude of ∼ 20
• , we compute the effective time t = t − α/Ω AR when the Sun is viewed by an Earth observer at the same rotation phase as viewed by an observer on the reflector at time t. Therefore, we compute the Ca II K index to be associated to the RV measurement at time t by linearly interpolating the chromospheric index time series at the time t . The same method is used to compute the mean net and total magnetic fluxes corresponding to a given RV measurement.The difference t − t ranges from −6.13 to 7.10 days with a mean value |t − t| 3.42 days. It is much longer than the Sun-reflector-Earth light travel time that is always shorter than ∼ 2 hours. Therefore, we neglect the light travel time when accounting for the different lines of sight.
The time lag t − t introduces an additional error because of the intrinsic variations of the chromospheric and magnetic indexes over that timescale. To quantify it, we compute their average standard deviation considering time intervals between 4 and 8 days for the period of high activity (Ca II K index greater than 0.092) and find values between 0.0020 and 0.0025 for the Ca II K index and 0.45 and 0.70 G for the total magnetic flux, respectively. These are significantly larger than the typical measurement errors and their mean values will be used as statistical errors of the activity indexes in our analysis. 
Methods
First we look for periodicities in our solar RV time series by computing its Lomb-Scargle periodogram (Horne & Baliunas 1986 ). Then we perform 10 000 random permutations of the RV values and measure the height of the highest peak in each of their periodograms. The frequency of occurrence of a peak equal to or higher than the maximum in the actual time series provides an a posteriori measurement of its false-alarm probability (hereafter FAP), i.e., the probability of its occurrence as a result of the time sampling and the uncorrelated noise present in the dataset. Another measure of the FAP can be obtained by adding to the individual RV measurements a normally distributed random variable with zero mean and standard deviation equal to the standard deviation of the measurements (cf. Sect. 4.2), and computing the corresponding periodogram. By repeating this procedure 10 000 times, we estimate the a posteriori probability of occurrence of a peak of height equal to or greater than the highest peak of the original periodogram.
To investigate the correlations between the solar RV and the different activity indexes introduced in Sect. 2.2, we use Spearman and Pearson coefficients. The former measures the monotone correlation of one variable vs. the other, while the latter provides a measure of the linear correlation between them. Since the Spearman coefficient is based on the order ranks of the individual variables, it can sometimes have a low absolute value even if they are truly correlated. This happens if one of the variables has a larger scatter for some constant values of the other, that is indeed the case when we consider sequences of RV data acquired on the same night for which the chromospheric and magnetic indexes are constant because they are sampled once per day. In this case, the Pearson coefficient is more suitable to detect a correlation, although the estimate of its significance is much more complex than in the case of the Spearman correlation for which a well-defined theoretical method is available (Press et al. 2002) .
We use the IDL functions R_CORRELATE and CORRELATE to compute the correlation coefficients, respectively. The significance of the obtained values is estimated a posteriori by computing the coefficients for 10 000 random permutations of the RV 
Results

RV of the individual reflecting bodies
For a better characterization of the measurements obtained with the different bodies, we compute the mean RV and the standard deviation σ RV for the objects having at least 4 measurements. In Table 2 , we list the name of the object, the mean radial velocity, the standard deviation, and the number N of measurements. The mean of all the 88 measurements is 99.196 m/s, their standard deviation is 4.44 m/s and their standard error is 0.47 m/s. Therefore, the mean value of Io is lower by 6.65 standard errors from the mean of all the measurements. This discrepancy is not associated with a specific range of orbital phases of the satellite. However, we find that Io's measurements were obtained with an airmass ranging from 1.73 to 1.91 with five measurements out of seven taken at an airmass between 1.79 and 1.91. The high airmass and the variation of the albedo of Io from 0.10 to 0.75 between 380 and 690 nm (Nelson & Hapke 1978 ) may combine themselves to systematically modify the RV measurements because they reduce the weights of the echelle orders at shorter wavelengths in comparison to those at longer wavelengths which corresponds to a change of the effective line mask used to crosscorrelate the spectrum. Ceres has the greatest standard deviation, likely as a consequence of its fast rotation (V eq = 92.3 m/s) in combination with its surface inhomogeneities (cf. Sect. 2.1), while Iris has the second largest standard deviation. It depends on one discrepant measurement taken on 2013 December 19 with an airmass of 1.7. After removing that measurement, the mean and the standard deviation of the remaining 4 measurements of Iris are 99.03 and 3.25 m/s, respectively, in line with the other measurements.
In conclusion, we decided to discard the measurements obtained with Io and Ceres as well as the discrepant point of Iris and restrict our analysis to the remaining 73 data points. They have a mean RV of 100.26 m/s and a standard deviation of 3.056 m/s. The discarded datapoints are marked with red dots in Fig. 1 . We include in our analysis the measurements obtained with Vesta because they do not show any systematic effect that can affect our results, although its rotational modulation induces a significant scatter as measured by the standard deviation reported in Table 2 (cf. Sect. 2.1).
The smallest standard deviations are those of the measurements of the Moon -mostly mean values of sequences of several tens or hundreds of datapoints -and of Ganymede that were obtained over two nights. The rotation effects are small in the case of Ganymede and have been corrected in the case of the Moon, thus suggesting that the main source of the standard deviation at the level of 1.6 − 1.7 m/s is the intrinsic solar variability. This value is compatible with the 1.33 m/s rms measured by Dumusque et al. (2015) during one week between April and May 2014 that fell during a period of moderately high chromospheric activity (cf. Fig. 3) . On a timescale of about two months, Haywood et al. (2016) find a mean standard deviation of ∼ 3.9 m/s as a consequence of some large activity complexes that modulated the RV with the rotation of the Sun. These measurements encompassed the highest level of chromospheric activity during our time span (see Fig. 3 ). The simulations based on the models by Meunier et al. (2010a) and Borgniet et al. (2015) give rms of 1.53 m/s during a period of high activity and of 2.62 m/s over the entire cycle. These values are supported by the observations of Meunier et al. (2010b) .
We conclude that the difference between the mean variance of our sequence of 73 points and those of the Moon and Ganymede is likely due in part to the intrinsic solar activity and in part to the effect of the body rotation through the phenomena introduced in Sect. 2.1. Given that our observations sample most of activity cycle 24, the difference in the standard deviation of 2.57 m/s appears to be comparable with the intrinsic solar rms expected on that timescale according to the models and the available observations.
Uncertainty of our RV measurements
Given the role of the intrinsic variability of the Sun in determining the standard deviation of our measurements, we expect that it depends on the level of activity of our star. In principle, we can compute the standard deviations of subsets of measurements belonging to intervals of low, intermediate, or high activity to empirically find that dependence. Nevertheless, the presence of a double maximum in cycle 24 and the sparseness of our measurements call for some caution in implementing this approach.
We subdivide the dataset according to the Ca II K index of each point. To have subsets with the same number of pointsthat is better to have comparable levels of statistical fluctuation of the standard deviations, given the relatively low numbers of datapoints -we can consider the measurements with Ca II K below and above its median level, that is 0.09334. The first subset consists of 37 datapoints with a mean value of 99.16 m/s and a standard deviation of 2.315 m/s, while the second consists of 36 points with a mean of 101.38 and a standard deviation of 3.338 m/s. The difference between the mean values is significant at 3.3 standard errors indicating that the solar apparent RV increases with its activity level.
We consider also the case of three intervals with 24, 24 and 25 datapoints in order of increasing mean value of the Ca II K index and find RV mean values of 98.87, 100.51, and 101.35 m/s with standard deviations of 2.460, 2.727, and 3.445 m/s, respectively. The difference between the mean value of the second subset and that of the first is significant at the level of 2.20 standard errors, while the difference between the third and the second is significant only at 0.94 standard errors.
Considering the case of four subsets with similar numbers of datapoints and increasing mean values of the Ca II K index, we find that the second subset consists of data taken during only one night and therefore it has a standard deviation significantly smaller than the other three subsets.
In conclusion, we adopt three subsets to estimate the standard deviations of our measurements as a function of the activity level and assign to each RV measurement the standard deviation of the subset to which it belongs. The effect of the body rotation is made random by the presence of different bodies in each subset, observed at widely different rotation phases, so we do not attempt any correction for it.
Periodogram analysis
The periodogram of our RV time series is plotted in the top panel of Fig. 4 . It has the highest peak at 14.196 days with a FAP of 1.18 percent as estimated by 10 000 random shuffling of the RV data. However, if we estimate the FAP by adding random variates with zero mean and standard deviations equal to the estimated standard deviations of the RV measurements, it increases to 10.08 percent.
The periodogram of the chromospheric index Ca II K taken with the same cadence is similar to that of the RV variations (Fig. 4, middle panel) . The peaks at the rotation period and its first harmonic are present also in the periodogram of the complete Ca II K time series where we see concentrations of power close to those periods. Another prominent peak at ∼ 65 days is present in the chromospheric emission, probably related to large faculae in complexes of activity lasting for 1-2 solar rotations, but it is not particularly conspicuous in the RV periodogram. On longer timescale, the sparseness of our time series strongly affect the periodogram, making it impossible to derive sound results. Nevertheless, we note the broad similarity between the distributions of the relative power of the RV and Ca II K index in the period range ≈ 1 − 3 years.
Although the periodicity at half the solar rotation period has been reported by other authors (e.g., Jimenez et al. 1986 ), a more continuous sampling is certainly required to confirm its presence in the Sun-as-star RV time series.
Correlations between the RV and the activity indexes
We plot in Fig. 5 our RV measurements vs. the chromospheric Ca II K line index. The Spearman correlation coefficient for our 73 points is 0.357 with a probability of obtaining an absolute value equal to or greater than it of 0.19 percent in the case of an uncorrelated dataset, i.e., a significance of 99.8 percent. This result is found by computing the correlation coefficients in the case of 10 000 shuffles of the RV time series. On the other hand, considering 10 000 datasets obtained from the observed one by adding normally distributed random variates to the RV and the Ca II K index with their standard deviations, respectively, we find a significance of 95.4 percent.
The Pearson correlation coefficient is 0.385 with a significance of 97.2 percent, when it is estimated with 10 000 uncorrelated datasets, and of 97.6 percent when it is estimated with 10 000 mock datasets obtained by adding random variates to the RV and chromospheric index with their standard deviations, respectively.
Since the Spearman coefficient is close to the Pearson coefficient, a linear model is not too different from the most general monotone correlation model as considered in the computation of To allow the identification of peaks at short periods, we overplot the periodogram with an amplitude amplified by a factor of five up to a period of about 300 days (green solid line). The dotted vertical lines in the three plots mark the solar synodic rotation period and its first harmonic, respectively. the Spearman coefficient. Therefore, we computed a linear best fit to the RV -Ca II K correlation to estimate the amplitude of the RV variation over the time interval covered by our data and compare it to the variation expected on the basis of the model by Meunier & Lagrange (2013) The residuals of the linear best fit to our data range between -5.31 and 9.20 m/s (cf. Fig. 6 ) and a Smirnov-Kolmogorov test shows that they are compatible with a normal distribution with a probability of 0.67. We derive a standard deviation of 2.82 m/s that can be associated with the effect of the rotation of the reflecting bodies and the variation of solar activity on timescales shorter than the 11-yr cycle (cf. Sects. 4.1 and 4.2).
We plot in Fig. 7 the RV measurements vs. the absolute value of the mean total magnetic flux measured by SOLIS VSM. This is the correlation with the highest Spearman and Pearson coefficients among those obtained with our two magnetic indexes (cf. Sect. 2.2). The Spearman coefficient is 0.131, giving an a posteriori significance of only 74.2 percent. On the other hand, the Pearson coefficient is 0.269 with a significance of 97.8 per- cent when we derive it from 10 000 random shuffles of the RV values. The significance decreases to 84.0 percent when we derive it from 10 000 mock datasets obtained by adding random deviates to the two variables. This is probably associated with the limited sensitivity of the Spearman coefficient because of the large spread in several RV measurements having close values of the total mean magnetic flux (cf. Sect. 3). Therefore, we rely on the Pearson coefficient and conclude that a correlation is present also between the solar long-term RV variation and the mean total magnetic flux, although with a lower significance than in the case of the RV-Ca II K correlation. The minimum and maximum of the residuals of the linear best fit of the RV-|B| correlation are −5.74 and 9.68 m/s. They follow a normal distribution with a probability of 0.93 according to the Kolmogorov-Smirnov test and have a standard deviation of 2.94 m/s.
Discussion and conclusions
We found a positive correlation between the solar RV variation and the level of chromospheric activity in our star as measured by the Ca II K line index. A similar correlation is found between the RV and the absolute value of the mean total photospheric magnetic field of our star, although with a lower significance. Therefore, the Sun behaves similarly to other low-activity latetype stars that show a positive correlation between the activity level and the RV variations (e.g., Lovis et al. 2011; Gomes da Silva et al. 2012) .
Our results support the theoretical prediction that the quenching of convective blueshifts associated with localized magnetic fields in the active regions is the main source of the long-term solar RV variations, while the flux perturbations associated with dark spots or bright faculae are of secondary importance (Meunier et al. 2010b; Meunier & Lagrange 2013; Dumusque et al. 2014) . The former effect produces the strongest correlation between RV variation and facular areas because it depends on their disc-projected area, independently of their position on the solar disc. On the other hand, the flux effect has a different sign depending on the location of the active regions on the receding or the approaching half of the solar disc. Therefore, a weaker RV-Ca II K correlation and a smaller amplitude of the variation are expected in that case (cf. Lagrange et al. 2010; Meunier et al. 2010a,b) .
The measured amplitude of the long-term RV variation is in agreement with the models by Meunier & Lagrange (2013) , suggesting that the predictions on the detectability of Earth-size planets based on their models can be regarded as realistic. Given that the amplitude of activity cycle 24 was smaller in comparison to those of the cycles observed in the 1980s and 1990s, we expect a larger RV variation than in the 2006-2014 period when the Sun is more active, as would be estimated from, e.g., Fig. 12 of Meunier & Lagrange (2013) .
The results of previous works such as those of McMillan et al. (1993) or Deming & Plymate (1994) cannot be directly com-BERV − cz rel , where z rel ≡ (λ obs /λ 0 ) − 1. In other words, the Special Relativity correction to the classic Doppler shift is: For the sake of clarity, ∆V rel is reported in the right column of Table 1 . The correction due to the rotation of the Earth is added classically because its relativistic expression differs from the classic one by less than 1 cm/s in our case.
